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INTRODUCTION
Many of the early studies of the metabolism of the trace elements were aimed at providing methods of assessing the adequacy of intake of individual elements. This may be achieved either by estimating body reserves of the elements or by determining whether their essential functions are being adequately maintained. Newly-evolving methods of assessing reserves include, for zinc, studies of metallothionein concentrations in blood or urine (Bremner et al. 1987 ) and, for iron, immunoassay of plasma ferritin levels (Peter & Wang, 1981) . However, since trace element reserves are only of value in ensuring adequate functional capacity, methods based on the former approach must be calibrated against functional criteria. Furthermore, it has become increasingly evident that adverse biochemical changes can occur before diagnostic signs of trace element deficiencies are apparent. Such defects include reduced candidacidal activity of neutrophils from copper and selenium-deficient rats, mice and cattle , 1986a , degenerative changes in pancreas of cattle with low Cu intakes (Fell et al. 1985) and restricted growth of many species when Zn intakes are inadequate. Increasingly, therefore, investigations will concentrate on the functional roles of the trace elements with a view to being able to identify subclinical deficiencies. In the past, investigators frequently studied the multiple roles of individual elements, but to understand their significance each must be seen as an integral part of a particular metabolic pathway. For this reason, the present review will attempt to indicate how the trace elements function within an animal's overall metabolism.
The reference in the title to early defects relates to the time-course of onset of a deficiency and it should be recognized throughout that this may correspond to depletion for only a few days in the case of Zn but at the other extreme may extend with manganese deficiency into a second generation. Fe-deficient and control groups first became significant ( P < 0.05); thereafter the differences remained significant at all samplings. deficiency in both animals and man (Kirchgessner & Roth, 1975; Prasad, 1982) , none have yet been implicated in the failure of growth caused by lack of Zn. Illustrative of the situation is a reduction in angiotensin-converting enzyme (EC 3 . 4 . 15. l), a Zn dipeptidase, in Zn-deficient rats which nevertheless had normal concentrations of angiotensin I1 in their plasma (Reeves & O'Dell, 1986) . Similarly, the activity of fructose-1, 6-bisphosphatase (EC 3 . 1 . 3 . 1 I ) which contains twelve Zn per molecule and is a regulatory enzyme in gluconeogenesis, decreased by nearly 50 % in the liver of rats within 1 d on a Zn-deficient diet. It could also be restored to normal within 30 min of Zn supplementation but the plasma glucose levels of the Zn-deficient animals were not affected (Cowen et al. 1986 ). In contrast, lowered plasma glucose values were observed in pups from dams reared on a Mn-deficient diet and these were associated with decreased activities of phosphoenolpyruvate carboxykinase (EC 4 . 1 . 1 .49), a Mn-enzyme also involved in gluconeogenesis (Baly et al. 1984) . Thus the effects of trace element deficiencies on an animal's metabolic pathways depend not only on the presence of metalloenzymes but also on the extent to which these enzymes control the flux of metabolites through the pathways.
Loss of Fe as a component of haem in haemoglobin, myoglobin and cytochromes probably accounts for most of the biological effects of Fe deficiency (Beard et al. 1984; Dallman, 1986) . Fig. 1 illustrates a time-course of depletion of haem-Fe in rats offered an Fe-deficient diet and shows that losses occurred before Fe reserves were exhausted (Dallman et al. 1982) .
Cu is a component of several enzymes which may lose activity in Cu deficiency and lead to biochemical and metabolic changes. At least five such enzyme systems are recognized as having possible relevance to the occurrence of defects in Cu deficiency (see Prohaska & Heller, 1982) . Thus loss of cytochrome oxidase (EC 1 . 9 . 3 . I) activity may affect mitochondria1 metabolism, reduced superoxide dismutase (EC 1 . 15. 1 . 1) will affect cell antioxidant systems, catecholamine metabolism can be altered by decreased dopamine-/Ihydroxylase (EC 1 .14.17. l), decreased lysyl oxidase activity may adversely influence collagen and elastin formation and loss of ferroxidase activity of caeruloplasmin (EC 1.16.3. I) may change Fe metabolism. Prohaska & Heller (1982) concluded that the hypertrophy and abnormal functioning of hearts from Cu-deficient rats could arise from changes in at least three of these enzyme systems, resulting in alterations in the elastic properties of muscle, cardiac catecholamine depletion and defective energy metabolism, but the relative importance of each was not clear. Some enzyme changes in Cu deficiency and also cardiac hypertrophy are more severe in rats when a large proportion of dietary carbohydrate consists of fructose rather than glucose or starch (Reiser et al. 1983; Fields et al. 1984~) . Thus changes in the overall composition of a diet not directly related to its mineral content may influence the outcome of a trace element deficiency.
J. K. CHESTERS A N D J. R. A R T H U R E N E R G Y S U P P L Y A N D CELL METABOLISM
Dietary trace element deficiency can alter the intermediary metabolism of cells and their energy production. For instance Cu deficiency is known to decrease both liver and heart ATP concentrations (Kopp et al. 1983; Davies & Lawrence, 1986) . In descriptions of the morphological effects of Cu deficiency attempts have been made to relate the changes, in particular the characteristic mitochondrial enlargement, to biochemical defects (Fell, 198 1, 1987) . Mitochondrial lesions, possibly caused by loss of cytochrome oxidase activity, are common to several of the histological defects seen in different organs in Cu deficiency (Fell, 1981) . However, despite the morphological changes, in early and severe Cu deficiency the mechanical properties of hepatic mitochondria were not changed . Cu deficiency caused a small increase in the percentage of docosapentaenoic acid (22: 5) in mitochondrial fatty acids without altering the unsaturation index . In vitro, hepatic mitochondrial state-three respiration (in the presence of ADP) decreased in Cu deficiency . However, this could not be explained by loss of cytochrome oxidase activity which was still adequate to sustain a greater rate of oxygen consumption in the presence of an uncoupler. Mitochondrial respiration seems to be decreased by impaired adenine nucleotide translocase activity secondary to a fall in total adenine nucleotide concentration (Davies & Lawrence, 1986) .
Dietary Fe deficiency in rats resulted in reduced cytochrome concentrations in the intestine (Dallman et al. 1982) and lowered succinic dehydrogenase (EC 1 . 3 . 9 9 . 1) activity in skeletal muscle (Evans & Mackler, 1985; Quisumbing et al. 1985) before these enzymes were affected in liver, before Fe stores were exhausted and while the degree of anaemia was still relatively mild. This is associated with a lower VOZmax (maximum rate of oxygen consumption) and impaired endurance of the muscles (Davies et al. 1984; Evans & Mackler, 1985) . Cross-transfusion of blood between deficient and control rats to equalize haemoglobin concentrations reversed the defect in maximum 0, consumption, but the restricted endurance of muscle was not improved (Davies et al. 1984) .
Before Se deficiency causes any obvious clinical changes in an animal, several biochemical defects can be detected. In addition to those which can be related to loss of GSHPx, there are others whose origins are less clear. Pascoe et al. (1983) showed that within 1 d Se deficiency caused decreased intestinal, cytochrome P 450-dependent, mixed-function oxidase (EC 1 . 14. 14. 1) activity. Other effects of Se on cell metabolism require a moreprolonged deficiency. Conversion of methionine to cysteine is impaired by Se deficiency in some strains of chickens (Bunk & Combs, 1981 ; Haplin & Baker, 1984) . In mice despite no change in total exhalation of carbon dioxide there is increased 14C0, exhalation from [l-I4 C]-or [~S'~C]glucose (Wendel & Otter, 1987) . Otter et al. (1986) reported that after partial hepatectomy in mice there is a threefold increase in the rate of DNA synthesis in Se-deficient in comparison to Se-supplemented animals. These results were interpreted by Otter et al. (1986) as indicating that Se is involved at as yet unidentified sites in the control of intermediary metabolism. In addition Se deficiency can cause elevated hepatic haem oxygenase (EC 1 . 14. 99. 3) activity (see Burk, 1983; Combs & Combs, 1986) . Se deficiency also increases hepatic glutathione synthesis and release into the plasma and elevates plasma but not hepatic glutathione concentrations (Hill & Burk, 1985; Hill et al. 1987) . Reversal of these effects on haem and glutathione metabolism during Se repletion occurs before changes in GSHPx are measurable (Burk, 1983; Reiter & Wendel, 1984; Hill et al. 1987) . The combined evidence already described provides further support for a function(s) for Se in the control of intermediary metabolism separate from its role in GSHPx.
OXIDATIVE STRESS
Many reactions required for maintenance of normal metabolism and the production of energy in the cell produce potentially-toxic free radicals as unwanted by-products. This is especially a problem with pathways which utilize 0,. Trace elements play an important role in the many systems in the cell which have evolved to deal with free radicals (Fig. 2) . As discussed previously, Se is an essential component of glutathione peroxidase which destroys hydrogen peroxide and many organic hydroperoxides that can lead to the generation of free radicals. However this enzyme will not metabolize phospholipid hydroperoxides which occur in cell membranes (Grossman & Wendel, 1983) . A seleno-protein (Mr 23000) which can metabolize phospholipid hydroperoxides has been isolated from rat heart (Ursini et al. 1985) . This protein may provide a hitherto unrecognized function of Se in the cell, although it could yet prove to be a subunit of GSHPx.
The vitamin E status of an animal can influence the consequences of Se deficiency. Heart homogenates from Se-deficient rats when incubated with Fez+ produced the same amount of free radicals as Se-sufficient tissue. Only in the presence of a concurrent vitamin E deficiency did Se deficiency cause increased radical formation in incubated heart homogenates (Arthur et al. 1988 c). Free-radical-mediated breakdown of polyunsaturated fatty acids can result in vivo in exhalation of the hydrocarbons ethane and pentane. Injection of Se-and vitamin E-deficient rats with Fez+ caused an increase in ethane exhalation when compared with Se-and vitamin E-supplemented control animals (Dougherty et al. 1981) . In Se-and vitamin E-deficient cattle increased intake of polyunsaturated fatty acid can cause myopathy (Kennedy et al. 1987) , but this will not always develop in cattle of low Se and vitamin E status (Siddons & Mills, 1981 , Arthur, 1988 . Myopathies in patients undergoing total parenteral nutrition and the cardiomyopathy, Keshan Disease, endemic in humans in large areas of China are associated with low Se status and can be ameliorated by Se supplementation (Robinson & Thomson, 1983) . However, the relationship of these conditions to vitamin E status is unclear.
Deficiencies of Cu and Mn can decrease respectively the activity of Cu-Zn and Mncontaining superoxide dismutases in liver and other tissues (Paynter et al. 1979; Paynter 1980a, h ; Paynter & Martin 1980; Zidenberg-Cherr et al. 1983) . These adverse effects on antioxidant enzymes may explain why Cu, Mn and Zn deficiencies have all been shown to increase the formation of free radicals or the products of free-radical-mediated damage to polyunsaturated fatty acids in various tissue homogenates and microsomal fractions (Paynter 1980b; Sullivan et al. 1980; Zidenberg-Cherr et al. 1983; Fields et al. 19846; Bray et al. 1986; Hammermueller et al. 1987) . Additionally, decreased tissue ascorbic acid concentrations in Cu deficiency may increase susceptibility to oxidative damage (Prohaska & Cox, 1983) . Alternatively, the increase in free radicals and in the breakdown products of polyunsaturated fatty acids could possibly be a secondary consequence of tissue damage caused by the trace element deficiency . Therefore, it is important to demonstrate that these increases occur early in the deficiency as an indication that they are the cause rather than the consequence of pathological changes associated with the disease. The demonstration in situ of increased chemiluminescence, probably due to elevated formation of oxygen derived free radicals, in liver from Se-and vitamin E-deficient rats before the occurrence of heptic necrosis has now provided strong evidence for a primary role for free radicals in the initiation of the disease (Fraga et al. 1987) . However, chemiluminescence does not allow direct identification of the free radicals involved which may only be possible by using electron-spin-resonance spectroscopy. Although trace element deficiencies generally affect cell antioxidant systems through an enzyme containing the element concerned, certain deficiencies will modify the activity of antioxidant enzymes not containing that element. Thus Cu deficiency can decrease the activity of the seleno-enzyme GSHPx in rat liver (Jenkinson et al. 1982; Arthur et al. 1987; Allen et al. 1988) . Combined Se and vitamin E deficiencies will decrease Mn superoxide dismutase activity in rat pancreas as well as causing the expected changes in vitamin E concentrations and GSHPx activity (Asayama el a]. 1986). Complex interactions between Cu, Mn, Se and vitamin E deficiencies have been described for the rat. These deficiencies can interact to increase the susceptibility of some tissues to peroxidation (Paynter 1980b) .
LIPIDS A N D EICOSANOIDS
Numerous investigators have studied the effects of Zn deficiency on polyunsaturated fatty acid metabolism and eicosanoid synthesis but the only consensus which appears to have emerged is that the results are very susceptible to changes caused by alterations in food intake (Kramer et al. 1984; Fogerty et al. 1985; Bales et al. 1986 ). In Zn-deficient rats ad lib. food consumption is not only reduced, but daily intakes cycle from near normal to zero and back again, presenting severe difficulties in providing suitable control animals (Williams & Mills, 1970) . Various strategies have been employed to control for these effects, but none can overcome the basic paradox that equalizing the food intake of a,control rat with that of the deficient renders the former unable to grow because of inadequate intake of either protein or energy, whereas the Zn-deficient rat has adequate supplies of both. Clearly, this is liable to produce differences in the energy and lipid metabolism of the two groups independent of any direct effects of Zn. This is reflected in a series of investigations where there were no differences between ad lib.-fed groups regardless of their Zn intake, but the lipid metabolism of the groups fed ad lib. differed significantly from restricted or pairfed controls (Hwang et al. 1984; Kramer et ul. 1984; Bales et al. 1986 ). This suggests that Zn deficiency per se has little effect on lipid metabolism but that the associated reduction in food intake will modify that of pair-fed controls. At present it does not seem possible to draw clear conclusions regarding the effects of Zn deficiency on tissue lipid composition and metabolism. For example , Fogerty et al. (1985) reviewed seven investigations of the effects of Zn deficiency on A6-desaturase activity. In three of these its activity was increased in the low-Zn animals and in the other four, reduced. Values for arachidonic acid content of liver lipids were given in four of these reports, two indicating no effect of Zn deficiency, one an increased concentration of this fatty acid and the fourth a decrease. Fogerty et al. (1985) suggested, however, that some of these discrepancies may reflect different effects on tissue and membrane lipids.
In contrast to the previous discussion, there does appear to be agreement that the synthesis of prostaglandins and thromboxanes is not impaired by Zn deficiency (Gordon et al. 1983; Hwang et al. 1984) . These authors disagreed, however, on the extent to which the deficiency alters platelet aggregation. There is evidence to suggest that the numbers and affinities of prostaglandin receptors are modified by lack of Zn (Gordon et al. 1983; Li & O'Dell, 1986) and it is possible that defects in platelet aggregation may result from reduced receptor sensitivity to the eiconsanoids (Li & O'Dell, 1986) .
Se has a direct role in the lipid metabolism of platelets where GSHPx converts 12-hydroperoxy 5,8,11,14 eicosatetraenoic acid (12-HPETE) to the corresponding hydroxy acid, 12-HETE (Bryant et al. 1983) . Products of 12-HPETE degradation as well as lipid hydroperoxides, all formed when GSHPx activity is low, can inhibit prostacyclin synthesis (Masukawa et al. 1983; Funk et al. 1987) . Thus decreased prostacyclin synthesis in platelets and aorta of rats is likely to contribute to increased platelet aggregation observed in Se deficiency (Masukawa et al. 1983) .
Hypercholesterolaemia is the most-widely-studied effect of Cu deficiency on lipid metabolism and this has been postulated to contribute to the incidence of coronary heart disease (for review, see Samman & Roberts 1985). However marginal Cu deficiency in utero and then for a further 117 d caused ultrastructural damage to aorta in male rats without altering plasma or aortal cholesterol concentrations (Hunsaker et al. 1984) . Possible effects of Cu deficiency contributing to coronary heart disease are thus not confined to changes in cholesterol metabolism.
GROWTH A N D CELL REPLICATION
The most-consistent early effect of Zn deficiency in rats is a reduction in growth which is generally associated with a fall in voluntary food intake sufficient to produce a comparable growth check in Zn-adequate rats given similar amounts of food (Chesters & Quarterman, 1970) . However, previous investigations had indicated and recent results confirm that force-feeding normal quantities of the deficient diet, far from reinstating growth, actually results in a rapid decline in the health of the rats (Chesters & Quarterman, 1970; Park et al. 1985) . Furthermore, McClain et al. (1985) have shown that administration of agents which normally stimulate food intake failed to overcome the effects of Zn deficiency. Also alterations in brain noradrenaline concentrations (Kasarskis et al. 1986 ) and plasma amino acid patterns (Wallwork et al. 1981) seen in Zn-deficient rats appeared to result from changes in food intake rather than initiating these changes. It thus appears that failure of growth in Zn-deficient rats results from a biochemical defect rather than from undernutrition caused by reduced appetite.
As mentioned previously, attempts to link growth failure to loss of a specific Zn-enzyme have so far proved unsuccessful. Previous investigations indicated that protein synthesis was less sensitive to lack of Zn than synthesis of new cells, as indicated by thymidine incorporation (Williams & Chesters, 1970) . Although it has recently been reported that protein synthesis was impaired in a cell-free system isolated from the liver of Zn-deficient rats (Hicks & Wallwork, 1987) , carefully-controlled studies in vivo indicated that in muscle most and possibly all the reduction in protein synthesis in Zn-deficient rats could be ascribed to decreased food intake (Giugliano & Millward, 1987) . In a separate study, there was a lower mitotic index in jejunal cells of Zn-deficient rats but the rate of jejunal protein synthesis was not affected (Southon et al. 1985) . Examination of the intestines of animals force-fed a Zn-deficient diet indicated that they were of normal weight but reduced DNA content (Park et al. 1985) . Current evidence therefore points to a critical role of Zn in cell replication rather than protein synthesis.
The possibility that the reduced growth of Zn-deficient animals results from lower levels of growth hormone had been investigated, but supplementation with growth hormone did not reverse the defect (Prasad et al. 1969) . Although somatomedin concentrations were lowered by Zn deficiency (Cossack, 1986 ), they were not returned to normal by administration of growth hormone (Oner et al. 1984) , nor were they significantly lower than in Zn-adequate rats whose food intake was restricted to match accurately that of the deficient animals (Bolze et al. 1987) .
Normal differentiation of fetal tissues was extremely sensitive to even transient reductions in Zn supply and the lining of the forestomach failed to keratinize correctly in Zn-deficient rats (Ng et al. 1984) . In man, Zn deficiency resulted in histological changes in the epidermis consistent with slower differentiation of the cells migrating from the basal layer (Ortega et al. 1985) , a pattern also seen in the parakeratotic tissues of the buccal mucosa and oesophagus of Zn-deficient rats and rabbits (Joseph et al. 1981 ; Gerson et al. 1983) . Significantly, the mitotic index of the latter tissues was elevated by the deficiency even though their Zn content was reduced to an even greater extent than that of the body as a whole (Gerson et al. 1983) . Chen (1986) has now shown that the high mitotic index in Zn-deficient buccal mucosa results not from delayed passage of the cells through mitosis but from a shortened G, phase, all other phases of the cell cycle being of normal duration. These observations support the previous suggestion that the effects of Zn deficiency on growth can best be explained by a need for Zn to facilitate the changes in genetic expression required for induction of DNA synthesis and differentiation in normal cells (Chesters, 1978) . A similar conclusion has been drawn regarding the function of Zn in the protist, Euglena gracilis (Crossley et al. 1982) .
In this context, the discovery of a class of gene-regulatory proteins containing a common structure, the 'Zn finger', is of great potential significance to our understanding of the effects of Zn deficiency (for review, see Klug & Rhodes, 1987) . As first characterized in the protein TFIIIA, a regulator of 5s rRNA transcription, these consist of loops of amino acids which are structured by Zn acting as a bridge between two pairs of cysteine or histidine residues located one on each side of the base of the loop. TFIIIA contains possibly as many as eleven of these 'fingers' which are thought to project into the major groove of the DNA and provide the specificity for the protein's binding to the promoter sequence in the gene. Only in TFIIIA and in the bacterial protein g32P have sufficient quantities of the proteins become available to demonstrate the presence of Zn unequivocally, but many other regulatory proteins including several steroid receptors have been shown to have amino acid sequences consistent with the formation of 'Zn fingers'. With TFIIIA, Zn has been shown to be essential for its function in purified preparations, cell-free extracts (Hanas et al. 1983 ; Wingender et al. 1984; Miller et al. 1985) and recently phytohaemagglutinin-stimulated lymphocytes, but investigations with Zn-deficient rats indicated that the restriction of Zn availability induced by dietary deficiency was insufficient to inhibit 5s rRNA synthesis (Chesters, unpublished results) . This does not, however, preclude a role for other members of this group of regulatory proteins in the restriction of growth of Zn-deficient rats.
Another possible function for Zn in mediating cell division could be in the synthesis of diadenosine tetraphosphate (Bambara et al. 1985; Baril et al. 1985) . This dinucloetide has been postulated to act as a second messenger of mitotic induction (Grummt et al. 1986 ) and its only known route of synthesis is via a Zn-mediated modification of the action of certain amino acyl transferases (Blanquet et al. 1983) .
Although Fe deficiency has been shown to reduce the mitotic index of the jejunal mucosa (Perkkio et al. 1987 ) and lack of Mn can inhibit both growth and glycosaminoglycan synthesis (Bolze et al. 1985) , neither deficiency has yet been clearly implicated in the control of cell replication.
REPRODUCTION
Deficiencies of either Zn or Mn can cause fetal abnormalities in rats but the nature of these and their relationship to the period of deficiency differ. Poor survival and ataxia in the pups are characteristics of low Mn intake but only when the dams have been raised from weaning on a Mn-deficient diet (for review, see Hurley, 1981) . The ataxia results from low activities of Mn-dependent transglycosylases leading to impaired mucopolysaccharide synthesis in the developing otoliths and can be prevented by injecting the dams with Mn on day 14 of gestation. Delaying Mn treatment until day 16 improved survival but did not prevent ataxia. In contrast, a Zn-deficient diet will still induce fetal abnormalities when offered only from d 0 of gestation onwards. Maximum sensitivity to lack of Zn occurs between d 6 and d 12, and Record et al. (1986) have shown that within this period, the small variations in Zn availability induced by high or low intake of a Zn-deficient diet on a particular day are sufficient to determine whether the tissues differentiating on that day develop normally. Restricting the intake of a low-Zn diet reduces its teratogenic effects by inducing catabolic release of Zn mainly from soft tissues, but in early gestation some Zn may be derived from bone since low-calcium diets are effective in limiting teratogenicity (Masters et al. 1983 (Masters et al. , 1986 .
Lack of Zn at the end of gestation results in delayed and prolonged parturition in rats (Hurley, 198 I ). This appears to be caused by the contractions of the uterine smooth muscles being weak, irregular and poorly synchronized (Lytton & Bunce, 1986) . Underlying these defects is a failure to achieve the transfer from progesterone to oestrogen dominance, which normally occurs at the end of parturition, even though the alterations in circulating levels of the two hormones were still unaffected by the deficiency as late as d 22 of gestation. Since the oestrogen receptor has been shown to contain putative 'Zn fingers' of the type discussed previously (Klug & Rhodes, 1987) , it is tempting to suggest that the disturbances of parturition in Zn deficiency result from a failure to synthesize adequate quantities of these proteins to allow normal induction of oestrogen-mediated changes.
Lack of Zn can also cause reproductive problems in males. In rats, failure of spermatids to transform into spermatozoa, a process requiring major changes in chromatin condensation and genetic expression, was shown to be impaired after 23 d on a Zn-deficient diet which resulted in an inhibition of growth within the first week (Orgebin-Crist et al. 1971) . Zn deficiency in rams has been reported to cause a failure of spermatogenesis (Underwood & Somers, 1969) and oligospermy is also characteristic of Zn deficiency in man where it is associated with reduced testosterone levels (Prasad, 1982) .
J. K . C H E S T E R S A N D J. R. A R T H U R I M M U N I T Y
Plasma Fe and Zn concentrations are reduced by infection or acute stress, both effects being mediated by release of interleukin-I and following similar time-courses. However, whereas the loss of Zn from plasma was independent of blood granulocyte numbers, the reduction in plasma Fe level depended on granulocytes, possibly through release of lactoferrin by these cells (Goldblum et al. 1987) .
The fall in plasma Fe and Zn concentrations during infection may be beneficial to the animal (Chesters & Will, 1981 ; Weinberg, 1984) but deficiency of either element adversely affects an animal's immune response (Fraker et al. 1986; . Lack of Fe reduces interleukin-I production (Helyar & Sherman, 1987) and decreases the 'oxidative burst ' of neutrophils, probably via lower concentrations of the Fe-enzyme myeloperoxidase (Dallman, 1986; Murakawa et al. 1987) . Reduced activity of another Fe-enzyme, ribonucleotide reductase (EC 1 . 1 7 . 4 . l), which is required for synthesis of DNA precursors, may be responsible for depressed cell-mediated immunity observed in Fedeficient humans, but not during stimulation in vitro of lymphocytes from these patients . Unlike most Fe enzymes, ribonucleotide reductase has a relatively-low affinity for Fe and its activity will be lost readily as Fe availability declines in vivo, but in cultures it may be reactivated by adventitious Fe present in the medium. Humoral immunity appears relatively little affected by either Fe or Zn deficiency, but the latter does inhibit the cell-mediated response possibly through loss of the Zn-dependent peptide, thymulin, which is required for the differentiation of T-lymphocytes (Dardenne et al. 1982 (Dardenne et al. , 1984 Fraker et al. 1984; Mercalli et al. 1984) . This view is strengthened by the observation that when T-lymphocyte numbers were reduced by Zn deficiency the proportion of Thelper cells within the population remained unaltered, suggesting a uniform effect on the differentiation of all types of T-cell (Dowd et al. 1986) . Alternative suggestions that alterations in adrenalcorticoid secretion are responsible for the impaired T-cell function seen in Zn deficiency seem to have been at least partially discounted by studies in which loss of T-cell function occurred in advance of increase in plasma glucocorticoids and even after adrenalectomy (De Pasquale-Jardieu & Fraker, 1980) .
Investigations of the effects of dietary Fe and Zn deficiencies on response to infection have produced confusing results which may be at least partially explicable by conflicting effects of the deficiencies (Kuvibidila, 1987) . Thus reduced concentrations of these elements in plasma may impair bacterial growth (Weinberg, 1984) or reduce the severity of the stress response to endotoxin (Chesters & Will, 1981) , but if they also result in a reduced immune response to invading organisms, the balance of benefit and loss to the animal would be hard to predict and could explain the variation in results observed in different experiments and with different organisms.
Both Se and Cu deficiencies can impair the candidacidal activity in vitro of neutrophils and macrophages from a variety of animal species (Serfass & Ganther, 1975; Boyne & Arthur, 1979 , 1981 , 1986a Jones & Suttle, 1981 ; ). These changes have been attributed to the loss of antioxidant enzymes allowing toxic oxygen derived species produced in the phagocytic cells to cause the cells own demise (Boyne & Arthur, 1979; Arthur et al. 1981; Jones & Suttle, 1981; Baker & Cohen, 1984) . However impaired neutrophil function can be detected at a very-early stage of Cu deficiency, before falls in Cu-Zn superoxide dismutase activity can be detected, suggesting in this case mechanisms other than loss of antioxidant activity must be involved (Arthur & Boyne, 1985) . An important factor to consider in studying the effects of trace element deficiency on neutrophil function is that restriction of food intake can decrease neutrophil microbicidal activity (Boyne & Arthur, 19866) . Thus trace elements can not always be claimed to have a specific function in neutrophils when impaired function is accompanied by alterations in food intake and growth.
In Se deficiency the impaired neutrophil microbiocidal activity described previously is not always observed. Thus in Se-deficient rat neutrophils which had impaired candidacidal activity compared with Se-supplemented controls, killing of ingested Salmonella typhimurium and Staphylococcus aureus was not affected . The reason for this may be that killing of the bacteria placed less oxidative stress on the antioxidantdeficient neutrophil than the greater metabolic activity involved in the killing of the muchlarger yeast cells. This increased activity could have included the production of sufficient oxygen derived radicals to impair the function of the neutrophil as well as the yeast.
Apart from affecting neutrophil function Cu and Se deficiencies can impair other functions of the immune system. Even with a very-mild Cu deficiency there were decreased numbers of antibody-producing cells in the spleen which correlated with lowered plasma caeruloplasmin activity (Prohaska & Lukasewycz, 198 1) . More recently Cu deficiency has been demonstrated to alter the composition of splenocyte-membrane fatty acids which may possibly explain how Cu deficiency can cause some of the alterations in immune response (Korte & Prohaska, 1987) . Other effects of both Se and Cu deficiencies on the immune system are to impair the response of lymphocytes to B-and T-cell mitogens (Lukasewycz & Prohaska, 1983 ; Parnham et al. 1983; Eskew et al. 1985) and reduce antibody production and natural killer-cell activity (Koller et al. 1987) .
With the many adverse effects on the immune system it is hardly surprising that a subclinical Cu deficiency will increase the susceptibility of mice to a Pasteurella haemolytica infection (Jones & Suttle, 1983) . However, the responses of Se-deficient rats and mice to other infections are much less clear cut. Se deficiency increased the susceptibility of mice to Candida albicans infection and of rats to S. aureus infection (Boyne & Arthur, 1986a; , whereas the susceptibility of rats to S. typhimurium and mice to Listeria monocytogenes, Plasmodium bergii or Pseudorabies virus were decreased (Boyne et al. 1984 ; Murray & Murray, 1985) . One explanation for these complex responses to Se deficiency may be similar to that for either increased or decreased response to infection in Fe deficiency. The growth of some organisms may be more-severely inhibited by Se deficiency than the immune system of the host, either directly or by a change in the host-cell metabolism. Alternatively the increased susceptibility of mice to C . albicans infection may reflect the importance of the neutrophil in dealing with this infection .
F U T U R E PROSPECTS
Although much is now known of the functions of trace elements in the metabolism of animals, there are still many aspects awaiting clarification. Some of these have been highlighted here and one which may be of wide ranging significance is the role of Zn in cell replication and differentiation. Important advances in this field seem likely to stem from studies of cell-free systems or cells in culture, but assessment of the relationship of such observations to defects occurring in Zn-deficient animals must take into account the relative levels of free Zn in the different experimental situations. Earlier computer simulations (May et al. 1977) and recently direct estimation (Magneson et al. 1987) indicate that in normal animals the free Zn2+ concentration in plasma is about 2 x lo-'' M. Both approaches suggest that this will vary directly with the total exchangeable Zn, and Zndeficient animals may therefore have between one-third and one-tenth this concentration of free Zn2+. In the past many investigations of the effects of Zn in vitro or in cultures have used added concentrations as high as M. While the free Zn2+ concentration will in most cases be only a small fraction of the total added, nevertheless in many instances it must have been far higher than could be expected to occur in vivo. Equally recent investigations have shown that while loss of TFIIIA function because of lack of Zn inhibited 5s rRNA synthesis in EDTA-treated lymphocytes, this did not occur in Zn-deficient rats where the degree of deficiency was probably less severe (Chesters, unpublished results) . In future, care must be taken with experimental design to ensure that the availability of Zn in vitro matches that in vivo if the results obtained are to be used to explain events happening in the whole animal, Much has still to be discovered regarding the interactions of Se and vitamin E on the one hand and Cu and Fe on the other in maintaining adequate aerobic respiration without allowing excessive tissue damage by oxygen derived free radicals. For example, studies have recently revealed that plasma glutathione peroxidase is immunologically distinct from that found in liver and the cellular components of whole blood . The origin of the plasma protein and its functional significance remain to be clarified. Also in future studies of antioxidant defects associated with trace element deficiencies, care must be taken to establish that increased production of free radicals is a primary effect of the deficiency rather than a secondary consequence of tissue damage.
In addition to the elements which have already received much attention, others are now emerging as important components of an animal's metabolic pathways. Recent studies of boron have indicated that differences in intake which are probably within the normal range may influence plasma oestradiol and testosterone concentrations in post-menopausal women (Nielsen et al. 1987) . Furthermore nickel is known to be a component of several enzymes (Walsh & Orme-Johnson, 1987) . Although none of these are of mammalian origin the element may well be important at least in ruminants where it is present in urease (EC 3 . 5 . 1 . 5) of rumen micro-organisms (Spears, 1984) .
There is still a long and fascinating road to be travelled before the many roles of trace elements in mammalian metabolism are fully appreciated.
